Measurement of W-pair cross sections in e(+)e(-) interactions at √s=172 GeV and W-decay branching fractions,Measurement of W-pair cross sections in e(+)e(-) interactions at root s=172 GeV and W-decay branching fractions by Acciarri, M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/26259
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
4 September 1997
PHYSICS LETTERS B
Physics Letters B 407 (1997) 419-431 -------  -------
Measurement of W-pair cross sections in e+e interactions at 
y / s  =  172 GeV and W-decay branching fractions
L3 Collaboration
M. Acciarriac, O. Adrianir, M. Aguilar-Benitezab, S. Ahlene, J. Alcarazab, G. Alemanni \  
J. Allabys, A. A loisioae, G. Alversonm, M.G. A lviggiae, G. Ambrosi“, H. Anderhubaz,
V.P. Andreevg,an, T. Angelescun, F. Anselmo-*, A. Arefievad, T. Azemoonc, T. A zizk,
P. Bagnaiaam, L. Baksayat, S. Banerjeek, Sw. Banerjeek, K. Baniczav, A. Barczykaz,aw,
R. Barillères, L. Baroneam, P. Bartaliniaj, A. Baschirottoac, M. Basile^, R. Battiston3-*,
A. B ayx, F. Becattinir, U. Beckerq, F. Behneraz, J. Berdugoab, P. Bergesq, B. Bertucciaj,
B.L. Betevaz, S. Bhattacharyak, M. Biasini\  A. Bilandaz, G.M. Bilei aJ, J.J. Blaisingd, 
S.C. Blyth^, G.J. Bobbinkb, R. Bocka, A. Böhma, L. Boldizsar0, B. Borgiaam,
D. Bourilkovaz, M. Bourquin“, S. Braccini“, J.G. Bransonap, V. Brigljevicaz, I.C. Brockak, 
A. Buffinir, A. Buijsau, J.D. Burgerq, W.J. Burger“, J. Busenitz31, A. Button0, X.D. Caiq, 
M. Campanelliaz, M. Capellq, G. Cara Romeo-*, G. Carlinoae, A.M. Cartaceir, J. Casausab,
G. Castellim i F. Cavallariam, N. Cavalloae, C. Cecchiu, M. Cerradaab, F. Cesaroniy,
M. Chamizoab, Y.H. Changbb, U.K. Chaturvedi1, S.V. Chekanovag, M. Chemarinaa,
A. Chenbb, G. C h en \ G.M. Chenh, H.F. Chenv, H.S. Chenh, X. Chereaud, G. Chiefariae,
C.Y. Chiene, L. Cifarelliao, F. Cindoloi C. Civininir, I. Clareq, R. Clareq, H.O. Cohnah,
G. Coignetd, A.P. Colijnb, N. Colinoab, V. Commichau3, S. Costantini', F. Cotorobain,
B. de la Cruzab, A. Csilling0, T.S. D aiq, R. D ’Alessandro1, R. de Asmundisae, A. Degréd,
K. Deitersaw, D. della Volpeae, P. Denesai, F. DeNotaristefaniam, D. DiBitontoat,
M. D iem ozam, D. van Dierendonckb, F. Di Lodovicoaz, C. Dionisiam, M. Dittmaraz,
A. Dominguezap, A. Doriaae, M.T. Dova1,4, D. Duchesneaud, P. Duinkerb, I. Duranaq,
S. Duttak, S. Easo3-), Yu. Efremenkoah, H. El Mamouniaa, A. Englerak, FJ. Epplingq,
F.C. Ernéb, J.P. Ernenweinaa, P. Extermannu, M. Fabreaw, R. Facciniam, S. Falcianoam,
A. Favarar, J. Fayaa, O. Fedinan, M. Felciniaz, B. Fenyiat, T. Fergusonak, F. Ferroniara,
H. Fesefeldta, E. Fiandriniaj, J.H. Field“, F. Filthautak, P.H. Fisherq, I. FiskaP, G. Forconiq,
L. Fredju, K. Freudenreichaz, C. Furettaac, Yu. Galaktionovad,q, S.N. Gangulik,
P. Garcia-Abiaay, S.S. Gaum, S. Gentileam, N. Gheordanescun, S. Giaguam, S. Goldfarbx, 
J. Goldstein^, Z.F. Gongv, A. Gougas®, G. Gratta31, M.W. Gruenewald1, V.K. Guptaat>,
A. G urtu\ LJ. Gutayav, B. Hartmann3, A. Hasanaf, D. Hatzifotiadoui T. Hebbeker1,
0370-2693/97/$ 17.00 © 1997 Elsevier Science B.V. All rights reserved.
PII S 0 3 7 0 - 2 6 9 3 ( 9 7 ) 0 0 8 0 2 - 2
ELSEVIER
A. Hervé5, W.C. van Hoekag, H. Hoferaz, S.J. Hong05, H. Hoorani3*, S.R. Houbb, G. Hue, 
V. Innocente**, K. Jenkes3, B.N. Jinh, L.W. Jones0, R de Jong\ I. Josa-Mutuberriaab,
A. Kasser\ R.A. Khan1, D. Kamraday, Yu. Kamyshkovah, J.S. Kapustinskyz,
Y. Karyotakisd, M. Kaurt,s, M.N. Kienzle-Focacciu, D. Kimam, D.H. Kimas, J.K. Kimas, 
S.C. Kimas, Y.G. Kimas, W.W. Kinnison2, A. Kirkbyai, D. Kirkbyai, J. Kirkby5, D. Kiss0, 
W. Kittelag, A. Klimentovq,ad, A.C. Königag, A. Koppay, I. Korolkoad, V. Koutsenko q,ad, 
R.W. Kraemerak, W. Krenza, A. Kuninq,ad, R Ladron de Guevaraab, I. Laktineh33,
G. Landir, C. Lapointq, K. Lassila-Periniaz, P. Laurikainenw, M. Lebeaus, A. Lebedevq, 
P. Lebrunaa, P. Lecomteaz, P. Lecoqs, P. Le Coultreaz, J.M. Le Goffs, R. Leisteay,
E. Leonardiam, P. Levtchenkoan, C. L iv, C.H. Linbb, W.T. Linbb, F.L. Linde b's, L. Listaae, 
Z.A. Liuh, W. Lohmannay, E. Longoam, W. Luai, Y.S. Luh, K. Lübelsmeyera, C. Luciam, 
D. Luckeyq, L. Luminariam, W. Lustermannaw, W.G. Mav, M. Maityk, G. Majumderk,
L. Malgeriam, A. Malininad, C. Mafiaab, D. Mangeolag, S. Manglak, P. Marchesiniaz,
A. Marinl, J.P. Martinaa, F. Marzanoam, G.G.G. Massarob, D. McNallys, R.R. M cNeilg, 
S. Meieae, L. Merolaae, M. Meschinir, W.J. Metzgerag, M. von der Meya, Y. M ix,
A. Mihul", A.J.W. van Milag, G. Mirabelliam, J. Mnichs, P. Molnar1, B. Mon.teleonir,
R. Moore0, S. Morgantiam, T. Moulik\ R. Mount81, S. Müller3, F. Muheim11,
A.J.M. Muijsb, S. Nahnq, M. Napolitanoae, F. Nessi-Tedaldiaz, H. Newman31, T. Niessen3,
A. Nippe3, A. Nisatiam, H. Nowakay, Y.D. Ohas, H. Opitz3, G. Organtiniam, R. Ostonenw,
C. Palomares3b, D. Pandoulas3, S. Paolettiam, P. Paolucci36, H.K. Park3lc, I.H. Park3S,
G. Pascaleam, G. Passalevar, S. Patricelliae, T. Paul"1, M. Pauluzzi, C. Paus3, F. Paussaz,
D. Peach5, Y.J. Pei3, S. Pensotti30, D. Perret-Gallixd, B. Petersenag, S. Petrak‘,
A. Pevsner6, D. Piccolo86, M. Pierir, J.C. Pintoak, P.A. Pirouéae, E. Pistolesiac,
V. Plyaskinad, M. Pohl3Z, V. Pojidaevad,r, H. Postemaq, N. Produit“, D. Prokofiev3",
G. Rahal-Callotaz, N. Rajak, P.G. Rancoita30, M. Rattaggi30, G. Ravenap, P. Razis3f,
K. Readah, D. Renaz, M. Rescignoam, S. Reucroftm, T. van Rhee3U, S. Riemann3y,
K. Riles0, A. Robohmaz, J. Rodinq, B.P. Roec, L. Romero3b, S. Rosier-Leesd,
Ph. Rosseletx, W. van Rossum3U, S. Roth3, J.A. Rubios, D. Ruschmeier1,
H. Rykaczewskiaz, J. Salicios, E. Sanchezab, M.P. Sanders3g, M.E. Sarakinosw, S. Sarkark,
M. Sassowsky3, C. Schäfer3, V. Schegelsky3", S. Schmidt-Kaerst3, D. Schmitz3,
P. Schmitz3, N. Scholz32, H. Schopperba, DJ. Schotanus3g, J. Schwenke3, G. Schwering3,
C. Sciacca36, D. Sciarrino“, L. Servoliaj, S. Shevchenko31, N. Shivarovar, V. Shoutkoad,
J. Shuklaz, E. Shumilov30, A. Shvorob31, T. Siedenburg3, D. Son3S, A. Sopczak3y,
B. Smithq, P. Spillantinir, M. Steuerq, D.P. Sticklanda/?, A. Stone8, H. Stone
B. Stoyanov3r, A. Straessner3, K. Strauchp, K. Sudhakark, G. Sultanov', L.Z. Sunv,
G.F. Susinno“, H. Suter3z, J.D. Swain1, X.W. Tang\ L. Tauscherf, L. Taylor™,
Samuel C.C. Tingq, S.M. Tingq, M. Tonutti3, S.C. Tonwark, J. Töth0, C. Tullya£,
H. Tuchschererat, K.L. Tungh, Y. Uchidaq, J. Ulbricht32, U. Uwers, E. Valenteam,
R.T. Van de Walleag, G. Vesztergombi °, I. Vetlitskyad, G. Viertelaz, M. Vivargentd,
R. Völkert3y, H. Vogel3k, H. Vogtay, I. Vorobievad, A.A. Vorobyov30, A. Vorvolakosaf,
420 L3 Collaboration /  Physics Letters B 407 (¡997) 419-431
L3 Collaboration /P hysics Letters B 407 (1997) 419-431 421
M. Wadhwaf, W. WailrafP, J.C. Wang'*, X.L. Wangv, Z.M. W ang\ A. Webera,
F. Wittgenstein5, S.X. Wu‘, S. Wynhoffa, J. Xu*, Z.Z. Xuv, B.Z. Yangv, C.G. Yangh, 
X.Y. Yaoh, J.B. Yev, S.C. Yehbb, J.M. Youak, An. Zalitean, Yu. Zalitean, P. Zempaz,
Y. Zenga, Z. Zhangh, Z.P. Zhang v, B. Zhou^, G.Y. Zhuh, R.Y. Zhua¡, A. Zichichi J'8'1,
F. Ziegler ay
a I. Physikalisches instituí RWTH, D-52056 Aachen, FRG 1 
III. Physikalisches Instituí, RWTH, D-52056 Aachen, FRG 1 
h National Institute for High Energy Physics, NIKHEF, and University o f Amsterdam, NL-1009 DB Amsterdam, The Netherlands
c University o f Michigan, Ann Arbor, MI 48109, USA 
d Laboratoire d ’A nnecy-le - Vie ux de Physique des Particules, LAPP.IN2P3-CNRS, BP 110, F-74941 Annecy-le-Vieux CEDEX, France
e Johns Hopkins University, Baltimore, MD 21218, USA 
f Institute o f Physics, University o f Basel, CH-4056 Basel, Switzerland 
6 Louisiana State University, Baton Rouge, LA 70803, USA 
h Institute o f High Energy Physics, IHEP, 100039 Beijing, China6
1 Humboldt University, D-10099 Berlin, FRG 1 
J University o f Bologna and INFN-Sezione di Bologna, 1-40126 Bologna, Italy 
k Tata Institute o f  Fundamental Research, Bombay 400 005, India
i Boston University, Boston, MA 02215, USA 
m Northeastern University, Boston, MA 02115, USA 
n Institute o f Atomic Physics and University o f Bucharest, R-76900 Bucharest, Romania
0 Central Research Institute fo r  Physics o f  the Hungarian Academy o f Sciences, H-1525 Budapest 114, Hungary1
p Harvard University, Cambridge, MA 02139, USA 
q Massachusetts Institute o f Technology, Cambridge, MA 02139, USA 
r INFN Sezione di Firenze and University o f Florence, 1-50125 Florence, Italy 
s European Laboratory for Particle Physics, CERN, CH-1211 Geneva 23, Switzerland
1 World Laboratory, FBUA Project, CH-1211 Geneva 23, Switzerland 
u University o f Geneva, CH-1211 Geneva 4, Switzerland 
v Chinese University o f  Science and Technology, USTC, Hefei, Anhui 230 029, China6 
w SEFT, Research Institute for High Energy Physics, P.O. Box 9, SF-000I4 Helsinki, Finland
x University o f Lausanne, CH-1015 Lausanne, Switzerland 
y INFN-Sezione di Lecce and Università Degli Studi di Lecce, 1-73100 Lecce, Italy
1 Los Alamos National Laboratory, Los Alamos, NM 87544, USA 
aa Instituí de Physique Nucléaire de Lyon, IN2P3-CNRS, Università Claude Bernard, F-69622 Villeurbanne, France 
ab Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, CIEMAT, E-28040 Madrid, Spain ■
ac INFN-Sezione di Milano, 1-20133 Milan, Italy 
ad Institute o f  Theoretical and Experimental Physics, ITEP, Moscow, Russia 
ae INFN-Sezione di Napoli and University o f Naples, 1-80125 Naples, Italy 
af Department o f  Natural Sciences, University o f Cyprus, Nicosia, Cyprus 
ag University o f Nijmegen and NIKHEF, NL-6525 ED Nijmegen, The Netherlands
ah Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA 
ai California Institute o f Technology, Pasadena, CA 91125, USA 
aJ INFN-Sezione di Perugia and Università Degli Studi di Perugia, 1-06100 Perugia, Italy
^  Carnegie Mellon University, Pittsburgh, PA 15213, USA 
ai Princeton University, Princeton, NJ 08544, USA 
am INFN-Sezione di Roma and University o f Rome, “La Sapienza ", 1-00185 Rome, Italy
an Nuclear Physics Institute, St. Petersburg, Russia 
m University and INFN, Salerno, 1-84100 Salerno, Italy 
aP University o f California, San Diego, CA 92093, USA 
aq Dept. de Fisica de Partículas Elementales, Univ. de Santiago, E-15706 Santiago de Compostela, Spain 
ar Bulgarian Academy o f Sciences, Central Lab. o f Mechatronics and Instrumentation, BU-1113 Sofia, Bulgaria 
as Center for High Energy Physics, Korea Adv. Inst. o f Sciences and Technology, 305-701 Taejon, South Korea
aL University o f Alabama, Tuscaloosa, AL 35486, USA 
au Utrecht University and NIKHEF, NL-3584 CB Utrecht, The Netherlands
av Purdue University, West Lafayette, IN 47907, USA
422 L3 Collaboration /  Physics Leiters B 407 (1997) 419-43î
aw Paul Sdierrer Institut, PSI, CH-5232 Villigen, Switzerland 
ay DESY-Institut für Hochenergiephysik, D-15738 Zeuthen, FRG 
az Eidgenössische Technische Hochschule, ETH Zürich, CH-8093 Zürich, Switzerland
ba University of Hamburg, D-22761 Hamburg, FRG 
bb High Energy Physics Group, Taiwan, ROC
Received 13 June 1997 
Editor: K. Winter
Abstract
We report on the measurement of W-boson pair-production with the L3 detector at LEP at an average centre-of~mass 
energy of 172.13 GeV. In a data sample corresponding to a total luminosity of 10.25 pb_l we select 110 four-fermion events 
with pairs of hadronic jets or leptons with high invariant masses. Branching fractions of W decays into different fermion- 
antifermion pairs are determined with and without the assumption of charged-current lepton universality. The branching 
fraction for hadronic W decays is measured to be: ¿f(W —» hadrons) = 64.2t3'78 (stat.) ±  0.5 (syst.) %. Combining all
final states the total cross section for W-pair production is measured to be: erww = (stat.) ±0.23 (syst.) pb. The
results are in good agreement with the Standard Model. ©  1997 Elsevier Science B.V.
1. Introduction
In the second hal f of the 1996 data taking period, the 
e+e -  collider LEP at CERN was operated at centre- 
of-mass energies, \fs ,  above the kinematic threshold 
of W-pair production, e+e~ —* W+W” , which was 
investigated earlier at LEP [ 1,2]. Compared to the sit­
uation at threshold the higher centre-of-mass energy 
implies an increased cross section for the W-pair sig­
nal and a reduced cross section for the fermion-pair 
background, thus improving the signal-to-background 
ratio by a factor of four.
To lowest order within the Standard Model [3], 
three Feynman diagrams contribute to W-pair produc­
tion, the ¿-channel y  and Z-boson exchange and the t- 
channel exchange, referred to as CC03 [4-6]. The 
higher centre-of-mass energy increases the importance 
of the ¿-channel diagrams. The W boson decays into a 
quark-antiquark pair, for example W“ üd or cs, or
1 Supported by the German Bundesministerium für Bildung, Wis­
senschaft, Forschung und Technologie.
2 Supported by the Hungarian OTKA fund under contract num­
bers T14459 and T24011.
3 Supported also by the Comisión Interministerial de Ciencia y 
Technología.
4 Also supported by CONICET and Universidad Nacional de La 
Plata, CC 67, 1900 La Plata, Argentina.
5 Also supported by Panjab University, Chandigarh-160014, India.
6 Supported by the National Natural Science Foundation of China.
a lepton-antilepton pair, W~ —> t~ï>i (£ = e, r )  ; in 
the following denoted as qq, tv  or ƒ  ƒ  in general for 
both W+ and W _ decays. In this letter, separate mea­
surements of all four-fermion final states mediated by 
W-pair production are reported:
(i) e+e“ —+ qqzv(y)
(ii) e+e” -+ qqfiv(y)
(iii) e+e~ qqrv(y)
(iv) e+e~ —> t v l v ( y )
(v) e+e- qqqq(y),
where (*y) indicates the possible presence of radiative 
photons. Additional contributions to the production 
of these four-fermion final states arising from other 
neutral-current (NC) or charged-current (CC) Feyn­
man diagrams are small. At the current level of statis­
tical accuracy the interference effects need to be taken 
into account only for e+e_ —» qqev(y)  (CC20) and 
e V  -4  (CC56+NC56) [4 -6].
During the run the L3 detector collected integrated 
luminosities of 1.00 pb-1 and 9.25 p b '1 at ^fs  = 
170.31 ±  0.06 GeV and yfs = 172.32 ±  0.06 GeV, 
respectively [7]. For the results presented here these 
two data samples are combined using a luminos­
ity weighted mean centre-of-mass energy of a/? = 
172.13 ±  0.06 GeV. The cross section is measured 
for each of the five signal processes. Combining these 
measurements the W-decay branching fractions and 
the total W-pair production cross section are deter­
mined.
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2. Analysis of four-fermion production
The L3 detector is described in detail in Refs. [8] 
and [9]. The selections of the five four-fermion 
final states are similar to the ones used at y/s = 
161 GeV [ 1 ]. Charged leptons are explicitly identified 
using their characteristic signature. Hadronic jets are 
reconstructed using the Durham jet algorithm [10] 
and adding four-momenta during the combination pro­
cess. The momentum of the neutrino in qqtv events 
is identified with the missing momentum vector.
Selection efficiencies and background contamina­
tions of all processes are determined by Monte Carlo 
simulations. The following Monte Carlo event gener­
ators are used to simulate the various signal and back­
ground reactions: KORALW [11] and HERWIG i 121 
(e+e~ -» WW -h. ffff(y )); EXCALIBUR 
(e+e“ — ffff(y )); PYTHIA [ 14] (e+e“
[13]
qq{y) , Z Z (y), hadronic two-photon collisions); KO- 
RALZ [15] (e+e” -> / ¿ V " ( r ) .  r r ( y ) ) ;  BHA- 
GENE3 [16] (e+e-  —► e + e ~ (y )) . The response of 
the L3 detector is modelled with the GEANT [17] de­
tector simulation program which includes the effects 
of energy loss, multiple scattering and showering in 
the detector materials and in the beam pipe.
Systematic errors on the cross-section measure­
ments are in all cases small compared to the statistical 
error. The measurement of the total luminosity, £ , fol­
lows the procedure described in Refs. [18] and [ 19]. 
The total error on the luminosity measurement is 
estimated to be 0.6% [ 19].
The results on cross sections and W-decay branch­
ing fractions are determined in a combined fit as dis­
cussed in Section 3. They are compared to the pre­
dictions of the Standard Model calculated for a mass 
of the W boson of /nw = 80.33 GeV [20] using the 
GENTLE [21] program.
2.7. e+e“ q q tv (y )
There are several changes in the event selection for
the process e+e q q tv (y )  at y/s = 172 GeV rela-
tive to that at yfs = 161 GeV [ 1 ]. The neutrino energy 
must be larger than 20 GeV and the range of accepted 
polar angles of electron and neutrino, 9t and 9V> is ex­
tended to | cos 0e|, | cos 9V| <  0.95. The electron iden­
tification in the forward-backward region, | cos#e| >
0.75, is improved by widening the window in az-
imuthal angle, |A<£|, for associating a track in the cen­
tral tracking chamber to the calorimetric energy de­
position. Depending on | cos#e|> the |A 0 | window is 
enlarged from 10 mrad up to 42 mrad to account for 
geometrical and resolution effects.
After having removed the calorimetric energy 
depositions associated with the identified electron, 
the remaining calorimetric clusters are grouped into 
two jets. To reject electrons from decays of hadrons 
the separation angle between the electron and both 
hadronic jets must be larger than ten degrees. The in­
variant masses of the electron-neutrino system, M  
and the jet-jet system, M qqt are required to be larger 
than 55 GeV and 45 GeV, respectively.
The distributions of the polar angle o f the neutrino 
and of the invariant mass o f the electron-neutrino sys­
tem are shown in Fig. 1, comparing Monte Carlo to 
data.
A total o f 19 events are selected in the data. The se­
lection efficiencies and the background contributions 
are listed in Table 1. The signal efficiency and cross 
section is determined within the followingphase-space
cuts: E z,E v >  20 GeV; | cos0eM cos0„| <  0.95; 
M tv, M qq >  45 GeV.
Systematic errors in the electron identification are 
derived from a comparison of data versus Monte 
Carlo using e+e~ e+ e” (y ) events collected at 
yfs -  91 GeV and radiative e+ e“ —> q q iy )  events 
as control samples. Systematic errors on efficiencies 
and accepted background cross sections are derived 
by comparing different M onte Carlo event generators 
and Monte Carlo samples simulated with different W 
masses and detector energy scales. A total systematic 
error of 3% on the measured cross section is obtained.
2.2. e+e q q fiv (y )
The event selection for the process e+e 
qqfjuv(y) is adapted to the higher centre-of-mass en­
ergy. The selection is improved by including muons 
identified by their minimum-ionising-particle (M IP) 
signature in the calorimeters. If two muons are recon­
structed the invariant mass of the two-muon system 
must be smaller than 30 GeV. After having removed 
the calorimetric energy depositions associated with 
the identified muon, the remaining calorimetric clus­
ters are grouped into two jets.
Muons identified in the muon spectrometer must
424 L3 Collaboration /Physics Letters B 407 {1997) 419-431
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Table 1
Selection efficiencies, accepted background cross sections from non-W processes, and total systematic uncertainties for signal processes 
-* qqev{y), e+ e"  —► qqy.v{y), e+e”  —* q q rv{y ), e+e” —> M v { y )  and e+e-  —► qqq q iy ). For the qqtv  { t v t v )  signal, the 
signal efficiency is derived from a CC20 (CC56+NC56) Monte Carlo sample and is given within phase-space cuts, see Section 2.1 (2.4). 
For the qqqq signal, the numbers are quoted for a neural-network output larger than 0.72. The total systematic uncertainties are relative 
to the cross sections listed in Table 2.
Selection of 
Process
Efficiencies [%] for
qqcv qq/xv qqrv tv  tv
Background
[pb]
qqqq
Systematic 
Error [%]
e+e~
e+e-
e+e~
e+e~
e+e~
qqev( y) 
qqfxv{y)  
qqrv (y ) 
t v t v ( y )
mmiy)
79.3
0.1!
5.62
0.16
74.1
6.89
1.74
3.50
46.6 0.14
45.1
0.08 0.04 2.14 84.1
0.063
0.037
0.207
0.033
1.23
3
3 
5
4
3
have a momentum larger than 15 GeV. Their angular 
separation to both hadronic jets must be at least ten 
degrees to reject muons arising from the decays of 
hadrons. The muon-neutrino invariant mass must be 
larger than 55 GeV, and thejet-jet invariant mass must 
be larger than 30 GeV and smaller than 120 GeV.
Muons are also identified as a track in the central 
tracking chamber with momentum larger than 10 GeV 
associated with energy depositions in the calorimeters 
compatible with those of a MIR Muons identified as 
MIPs in the electromagnetic and hadronic calorime­
ters must have an angular separation of at least 15 
degrees to both hadronic jets while muons identified 
in the electromagnetic calorimeter only must have at 
least 20 degrees angular separation. For MIP muons 
the muon-neutrino invariant mass must be larger than 
20 GeV, and the jet-jet invariant mass must be larger 
than 40 GeV and smaller than 110 GeV, The inclu­
sion of MIP-based muon identification increases the 
selection efficiency by 10%.
The distributions of the polar angle of the neutrino 
and of the invariant mass of the muon-neutrino system 
are shown in Fig. 2.
A total of nine events are selected in the data, eight 
events with a muon reconstructed in the muon spec­
trometer and one event with a muon identified by its 
MIP signature. The selection efficiencies and the back­
ground contributions are listed in Table 1.
Systematic errors in the muon and MIP identifi­
cation are derived from a comparison of data versus 
Monte Carlo using e+e-  —> and e+e_ —+
qq(y)  events collected at y/s = 91 GeV as a control 
sample. Systematic errors on efficiencies and accepted
background cross sections are evaluated as described 
at the end of Section 2.1. A total systematic error of 
3% on the measured cross section is obtained.
2.3. e+e-  —> qqrv(y)
Events must have more than 15 calorimetrie clusters 
in order to reject low-multiplicity leptonic final states. 
Signal events contain at least two neutrinos, resulting 
in missing momentum and reduced visible energy. In 
order to reject qq(y) and qqqq(y) events the miss­
ing momentum must be larger than 10 GeV, while the 
difference between the visible energy and the miss­
ing momentum must be less than 130 GeV. Requiring 
the longitudinal energy imbalance to be smaller than 
40 GeV and the transverse energy imbalance to be 
larger than 5 GeV suppresses qq(y)  events with hard 
initial-state radiation.
In events with the r  decaying into an electron or 
muon, the energy of that lepton must be larger than 
5 GeV and the sum of the electron (muon) energy and 
the magnitude of the missing momentum must be less 
than 70 GeV (65 GeV).
If no electrons or muons are found, jets are re­
constructed based on clustering inside a cone of 15 
degrees half-opening angle [22]. At least three jets 
with an energy larger than 10 GeV are required. The 
hadronically decaying r  is identified among the three 
jets of highest energy as the one which satisfies the 
largest number of the following requirements for be­
ing r-like: the number of tracks associated to the jet 
is between one and three, the number of calorimet- 
ric clusters associated to the jet is less than five, the
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half-opening angle of the jet is less than eight de­
grees, the electromagnetic energy of the jet is greater 
than 25 GeV, and the visible mass of the jet is less 
than 2 GeV. The efficiency of this r  jet identification 
for hadronic r  decays is 80%. In order to reduce the 
background from e+e“ —> qq tv (y )  events where the 
electron is not identified, events with the r  jet having 
more than 30 GeV of energy deposited in the elec­
tromagnetic calorimeter and less than 5 GeV in the 
hadronic calorimeter are rejected. The background of 
e+e-  —*• qqfjiv{y) events where the muon is not iden­
tified in the muon chambers is reduced by rejecting 
events where the r  jet is compatible with a MIP.
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Fig. 2. Distributions of variables used for the selection of 
e+e~ —► qq/xp(y)  events, (a) The polar angle of the neutrino, 
cos Sv| . (b) The invariant mass of the muon-neutrino system, 
M p i » .
After having removed the tracks and calorimetric 
energy depositions associated with the identified r 
jet, the remaining tracks and calorimetric clusters are 
grouped into two hadronic jets using the Durham jet 
algorithm [10]. For events with a transverse energy 
imbalance less than 25 GeV and with ¡cos#miSS| > 
0.55 for the polar angle of the missing momentum vec­
tor, the angular opening of the r  jet must be smaller 
than eight degrees. The invariant mass of the jet-jet 
system must be larger than 60 GeV and smaller than 
100 GeV. The system of the r  jet and the missing four- 
momentum must have an invariant mass larger than 
50 GeV and smaller than 110 GeV.
The distributions of the sum of the electron (muon)
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energy and the missing momentum, and of the invari­
ant mass of the system of the r  jet and the missing 
four-momentum are shown in Fig. 3.
A total of twelve events are selected in the data, 
two r  —► e events, three t —> ¡i events and seven 
r  —► hadrons events. The selection efficiencies and the 
background contributions are listed in Table 1. Sys­
tematic errors are evaluated as described at the end of 
Sections 2.1 and 2.2. A total systematic error of 5% 
on the measured cross section is obtained.
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Fig. 4. Distributions of variables used for the selection of
M v ( y )  events, (a) The acoplanarity between the twoe 1 e
charged leptons. (b) The energy of the identified electron or muon 
with highest energy, Eieplon.
2.4. e+e l v l v ( y )
The event selection for the process e+e 
l v lv (y )  depends on whether the event contains 
one or two identified electrons or muons, referred 
to as lepton-jet and lepton-lepton class. The selec­
tion for the lepton-jet class is the same as at y/s = 
161 GeV [1], For the lepton-lepton class, the trans­
verse energy must be at least 10 GeV and larger than 
10% of the visible energy. The requirement of the 
missing energy vector not pointing to the gap between 
the electromagnetic barrel and endcap calorimeter is 
no longer necessary because of the use of a new elec­
tromagnetic calorimeter in that region [9]. The sum
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of the energies of calorimetric clusters at low polar 
angles, | cos 0ciuster| > 0.95, must be less than 5 GeV.
The distributions of the acoplanarity between the 
two charged leptons and of the energy of the identified 
electron or muon with highest energy are shown in
Fig. 4.
A total of nine events are selected in the data, five 
events in the Iepton-lepton class and four events in 
the lepton-jet class. The selection efficiencies and the 
background contributions are listed in Table 1. The sig­
nal efficiency and cross section is determined within 
the following phase-space cuts: |c o s 0 | <  0.96 for 
both charged leptons, with energies larger than 15 GeV 
and 5 GeV.
Systematic errors on the lepton identification are de­
rived from a comparison of data versus Monte Carlo 
using e + e ' —» £+£~(y)  events as a control sample. 
Systematic errors on efficiencies and accepted back­
ground cross sections are evaluated as described at the 
end of Section 2.1. A total systematic error of 4% on 
the measured cross section is obtained.
2.5. e+e * m (r )
The event selection for the process e+e~ 
qqqqiy)  is similar to that at y/s = 161 GeV [ 1 ], High 
multiplicity events with visible energy, Ey¡s, larger 
than 0.1 y/s and longitudinal energy imbalance less 
than 0 .25£vis are selected. Tracks and calorimetric 
clusters are grouped into four jets. The Durham jet- 
resolution parameter [ 10] at which the event changes 
from a four-jet to a three-jet topology, 734, must be 
larger than 0.0025 to enhance the four-jet signal. To 
suppress qq(y)  background with hard radiative pho­
tons recorded in the detector, an event is rejected if it 
contains an electromagnetic cluster with an energy of 
more than 40 GeV, or if more than 50% of energy of 
any jet is attributed to a single photon.
The selection accepts 92.3% of the WW —» 
qqqq(y) signal while reducing the dominating qq(y) 
background by a factor of 20. A total of 122 events 
pass this selection. The determination of jet en­
ergies and angles is improved by a kinematic fit 
imposing four-momentum conservation. Two pairs 
of jets are formed with invariant masses M\ and 
M2. The optimal jet-jet pairing maximising the sum 
Mi +  M 2 ~f m in(M i,M 2) is chosen. This yields the 
correct assignment of jets to W bosons for 76% of
the selected signal events.
A neural network is trained to separate the signal 
from the dominating qq(y) background. The input to 
the network consists of ten variables: ^34, sphericity, 
minimal and maximal jet energies, minimal jet cluster 
multiplicity, sum and difference of the two W masses, 
maximal acollinearity between jets belonging to the 
same W, minimal jet-jet angle, minimal mass o f jets 
when the event is reconstructed as a two-jet event. The 
network is trained such that the output peaks at one 
for the signal and at zero for the background.
The distributions of the jet resolution parameter >34, 
the minimal jet-jet angle and the minimal and maximal 
jet energies are shown in Fig. 5. In projection, these 
four neural-network input variables show the largest 
separation between the signal and the background. The 
distribution of the neural-network output is shown in
Fig. 6 .
The neural-network output distribution for data 
events is fitted by a linear combination of neural- 
network output distributions derived from Monte 
Carlo simulations for signal and background [1]. 
The results of the fit correspond to a signal cross 
section of 5.48^085 pb and a qq(y) cross section
of 128+|7 Pk where the errors are statistical. The 
measured qq(y)  cross section is in good agreement 
with both our dedicated measurements of fermion- 
pair cross sections [19] and with the Standard Model 
value. As a cross check the signal cross section is de­
termined by applying a cut on the output of the neural 
network larger than 0.72, The selection efficiencies 
and the background contributions corresponding to 
this cut are listed in Table 1. A total of 61 events are 
selected in the data, yielding a signal cross section of
5 '5 7 -0 .8 7  Pb'
The systematic error due to a discrepancy in the 
four-jet event rate between the qq(y) data and the 
Monte Carlo is estimated to be 2% by reweighting 
qq(y)  Monte Carlo events as a function of 4. The 
reweighting function is derived from a comparison be­
tween data and Monte Carlo of hadronic Z decays 
collected at yfs = 91 GeV. Systematic effects due to 
Bose-Einstein correlations and fragmentation models 
are estimated to be 2% by comparing different Monte 
Carlo programs to simulate the signal. Detector cali­
bration uncertainties and W-mass dependence lead to 
an error of less than 2%. A total systematic error of 
3% on the measured cross section is obtained.
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Table 2
Number of selected data events, A^ui* number of expected non-W background events, N^gi and cross sections for the reactions e+e -  —► 
qqov{y)y e+e“  —► qqf iv(y) ,  e+e "  —> qqrv(y) ,  e+e -  —*■ t v t v {y )  and e+e”  —> qqqq iy ). For the qqqq signal, the numbers and 
A^ bg correspond to a cut on the output of the neural network at 0.72. The qqqq cross section is obtained from a fit to the neural-network 
output distribution as described in Section 2.5. For the qqzv and M v  signal, the cross sections within the phase-space cuts described in 
the text, cr(cuts), are given in addition to the CC03 cross sections, er(CC03). The first error is statistical and the second systematic. Also 
shown are the CC03 ratios, /*sm, and the CC03 cross sections, ctsm, as expected within the Standard Model.
Process ^data cr cr( cuts) 
[pb]
cr(CC03)
[pb]
fSM
[%]
<7\SM
[pb]
e+e"* —> 
e+e 
e+e~ _+ 
e+e -  —► 
e+ e"  —>
qqcp(y)
qqi iv(y)
qqTv(y)
£v£v(y)
M ( r )
19
9
12
9
61
0.64
0.38
2.12
0.34
12.6
2.22!$“  ±  0.07 
1.87+1™  ±  0.08
2 -44-o.m ±  007  
1.06+(J$6 ±  0.03
1 . 6 0 + ^  ±  0.08
1.93+0f:7A ±  0.08
5 , 8 1 0 - ±  0 , 7
14.6
14.6
14.6
10.6 
45.6
1.81
1.81
1.81
1.32
5.67
L3 Collaboration /P hysics Letters B 407 (J997) 4 Ì 9 -43J 429
5 0 “
LOo
è
o
if)
40-
CZZv
CD>
LU
30
CD 
_Q
E3 10 -
T MM I 1 “1—J—I—[—t—r
•  Data 
□  M.C. signai 
M.C. background
t—i- r T------ T
L3
o-
sections contain significant contributions from pro­
cesses not mediated by resonant W-pair production. In 
order to determine W-pair cross sections also for these 
final states the measured cross sections are scaled by 
a multiplicative factor, ƒ;. These conversion factors 
are given by the ratio of the total CC03 cross section 
and the four-fermion cross section within phase*-space 
cuts, and are calculated within the Standard Model us­
ing the EXCALIBUR [13] event generator. They are 
determined to be 1.10 for the qqcp(y) and 1.03 for 
the t v lv{y)  phase-space cuts, where the dependence 
of the f i  on mw is negligible. These cross sections are 
also listed in Table 2.
0 0.2 0.4 0.6 0.8
Neural-Network Output
1 3.2. W’decay branching fractions and W-pair cross
section
Fig. 6 . Distribution of the output of the neural network used in 
the analysis of e+e ”  —► qqqq(y)  events.
3. Results
The fitting procedure to determine cross sections 
of the five signal processes, W-decay branching frac­
tions, the total W-pair cross section and the mass of 
the W boson is described in detail in Ref. [ 1 ].
B( W
3.1. Signal cross sections
The cross sections, cr,-, of the five signal pro­
cesses are determined simultaneously in a maximum- 
likelihood fit, using the number of selected events, 
selection efficiencies and accepted background cross 
sections as summarised in Tables 1 and 2. For the 
e+e-  —► qqqq(y)  process, the likelihood as a func­
tion of the signal cross section derived from the fit 
to the neural-network output distribution described in 
Section 2.5 is used.
The resulting cross sections including statistical 
and systematic errors are listed in Table 2. The Stan­
dard Model agrees well with these results. Since the
efficiency matrix of Table 1 contains non-zero off- J9(W —> qq) = 64.2+:3 g (stat.) ±  0.5 (syst.) % . 
diagonal elements, the measured cross sections are 
correlated. The largest correlations, —13% and —17%, 
arise among the semileptonic channels between qqrv 
and qqe,p and between qqrv and qq^v. All other cor­
relations are smaller than 1% in magnitude and thus 
negligible.
For the qqev(y)  and t v l v (y)  final state the cross
For the determination of the total CC03 pro­
duction cross section of W-pairs, o*ww> the sig­
nal cross sections cr,* are replaced by the product 
r/<Tww or ricryrw/fi f°r the qqtp(y)  and £v£p(y) 
final states. The ratios r-t are given in terms of 
the W-decay branching fractions, B (W —> qq) and 
-»&Ô, as follows: rqm  = [ 5 ( W - > q q ) ] 2, 
Tqqtv = 2 5 (W —► qq)Z?(W —> Iv ) ,  and rp^v = 
[ 1 — B {W —> qq) ]2, where the sum of the hadronic 
and the three leptonic branching fractions is con­
strained to be unity. For the determination of W- 
decay branching fractions the data collected at yfs =
161 GeV [1] are included.
The resulting total W-pair cross section and the 
W-decay branching fractions including statistical and 
systematic errors are listed in Table 3. They are de­
termined both with and without the assumption of 
charged-current lepton universality in W decays. The 
W-decay branching fractions obtained for the indi­
vidual leptons are in agreement with each other and 
support this assumption. The branching fraction for 
hadronic W decays is:
( 1)
The accuracy on the W-decay branching fractions is 
improved by more than a factor of two with respect to 
our previous analysis [ 1 ].
Within the Standard Model the branching frac­
tions of the W boson depend on the six elements
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Table 3
W-decay branching fractions, 5, and total W-pair cross section, 
r/ww, derived with and without the assumption of charged-current 
lepton universality. In the bottom part of the table, the measured 
total W-pair cross section imposing Standard-Model W-decay 
branching fractions is given. Also shown are the W-decay branch­
ing fractions [5] and the total W-pair cross section as expected 
in the Standard Model.
Parameter Lepton Lepton
non-universality universality
Standard
Model
B{ W 
B{ W 
B{ W 
ß (W  
Z?(W
qp) [%\
fJLV) [%}
tv) [%] 
t v )  [%] 
qq) [%]
ffww I pb 1
16.5t3-73±0.5
8 .4 l2-’84±0.3
10.9l4A ± 0 .5
6 4 .2 ^ 7g±0.5
12.37i‘^ 7 ±0.23
! 1.9+\\±Q.2  
64.2lj78±0.5
1 2 .4 0 i '^ 4±0.23
10.8
67.5
12.43
Parameter Using SM W-decay 
branching fractions
Standard
Model
<7ww [pb] i2.27+l1^ 12zi=0.23 12.43
Vqq of the Cabibbo-Kobayashi-Maskawa quark mix-
ing matrix Vqkm [23] not involving the top quark. 
In terms of these Vqq the branching fraction of 
leptonic W decays is given by l / B ( W  —* £v) = 
3 +  3[ 1 +ars(m\y)/ tt] '¡jT \Vqq\2, where a s is the strong 
coupling constant [5]. The sensitivity is largest for 
the dominant diagonal elements of Vckm- Since VUd 
is known much more precisely than Vcs, it is most 
useful to determine the latter. Using the current world- 
average values and errors of the other matrix elements 
not assuming the unitarity of Vckm  [24], the result is:
Vrcs U.oZ_o.l8 (stat.) =t 0.02 (sy s t.) . (2 )
The statistical error includes the errors on as and the
other Vqq but is dominated by the statistical error on 
the W branching fractions. This result is of the same 
precision as the current world average [24].
In order to obtain a more precise determination of 
crww j the W-decay branching fractions from the Stan­
dard Model are imposed, which are calculated includ­
ing QCD and mass corrections [5] (Table 3). The 
result for the total production cross section of W-pairs 
at 172.13 ±  0.06 GeV [7] is:
o"ww = 12.27^1*32 (st^t.) ± 0 .23  (syst.) pb. (3)
_Q Q_
c*-
!T
CD+
CD
G
L3
Data
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—  no ZWW vertex 
■f • ve exchange
— I—
170
Vs [GeV]
Fig. 7.
cess e+e
The cross section, cr\yy/, ^  Pro~
—» WW —► ffff(y) as a function of the centre-of-mass 
energy, y/s. The measurements of <7\yw at = 161 GeV [ 1 ] 
and at y/s -  172 GeV are shown as dots with error bars, combin­
ing statistical and systematic errors in quadrature. The solid curve 
shows the Standard Model expectation. The dashed curve shows 
the expectation if there is no ZWW coupling. The dotted curve 
shows the expectation if only /-channel Vc, exchange in W-pair 
production is considered.
The measurements of <rww at y/s = 161 GeV [ 1 ] 
and at y/s -  112 GeV are compared to the Stan­
dard Model expectations in Fig. 7. The deviation to 
pure ¿-channel ve exchange in W-pair production is 
clearly visible. Both non-abelian ^-channel diagrams 
with triple-vector-boson couplings as expected within 
the Standard Model are needed to get agreement with 
the measurement presented here.
Within the Standard Model the W-pair cross section, 
irww, depends on y/s and the mass of the W boson, 
mw. The sensitivity of crww to mw at y/s = 1 7 2  GeV 
is reduced compared to that at = 161 GeV [ 25 ]. 
The cross section measurement presented here yields 
mw = 80.5*2.4 (stat.) =b 0.3 (syst.) GeV. Combining 
this new measurement with our previous result on mw 
obtained from the cross section measurement at y/s =
161 GeV [1] one finds mw = 80.78lo t i  (exp.) ±  
0.03 (LEP) GeV. These results for mw are based on 
total cross section measurements only. The mass of 
the W boson as determined more precisely from the 
invariant mass of the W decay products will be pre­
sented in a forthcoming publication [26].
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